Lactate dehydrogenase (LDH) catalyzes the interconversion of pyruvate and lactate, which are critical fuel metabolites of skeletal muscle particularly during exercise. However, the physiological relevance of LDH remains poorly understood. Here we show that Ldhb expression is induced by exercise in human muscle and negatively correlated with changes in intramuscular pH levels, a marker of lactate production, during isometric exercise. We found that the expression of Ldhb is regulated by exerciseinduced peroxisome proliferator-activated receptor ␥ coactivator 1␣ (PGC-1␣). Ldhb gene promoter reporter studies demonstrated that PGC-1␣ activates Ldhb gene expression through multiple conserved estrogen-related receptor (ERR) and myocyte enhancer factor 2 (MEF2) binding sites. Transgenic mice overexpressing Ldhb in muscle (muscle creatine kinase (MCK)-Ldhb) exhibited increased exercise performance and enhanced oxygen consumption during exercise. MCK-Ldhb muscle was shown to have enhanced mitochondrial enzyme activity and increased mitochondrial gene expression, suggesting an adaptive oxidative muscle transformation. In addition, mitochondrial respiration capacity was increased and lactate production decreased in MCK-Ldhb skeletal myotubes in culture. Together, these results identified a previously unrecognized Ldhb-driven alteration in muscle mitochondrial function and suggested a mechanism for the adaptive metabolic response induced by exercise training.
Lactate dehydrogenase (LDH) catalyzes the interconversion of pyruvate and lactate, which are critical fuel metabolites of skeletal muscle particularly during exercise. However, the physiological relevance of LDH remains poorly understood. Here we show that Ldhb expression is induced by exercise in human muscle and negatively correlated with changes in intramuscular pH levels, a marker of lactate production, during isometric exercise. We found that the expression of Ldhb is regulated by exerciseinduced peroxisome proliferator-activated receptor ␥ coactivator 1␣ (PGC-1␣). Ldhb gene promoter reporter studies demonstrated that PGC-1␣ activates Ldhb gene expression through multiple conserved estrogen-related receptor (ERR) and myocyte enhancer factor 2 (MEF2) binding sites. Transgenic mice overexpressing Ldhb in muscle (muscle creatine kinase (MCK)-Ldhb) exhibited increased exercise performance and enhanced oxygen consumption during exercise. MCK-Ldhb muscle was shown to have enhanced mitochondrial enzyme activity and increased mitochondrial gene expression, suggesting an adaptive oxidative muscle transformation. In addition, mitochondrial respiration capacity was increased and lactate production decreased in MCK-Ldhb skeletal myotubes in culture. Together, these results identified a previously unrecognized Ldhb-driven alteration in muscle mitochondrial function and suggested a mechanism for the adaptive metabolic response induced by exercise training.
Muscle fitness and resistance to fatigue depend strongly on the capacity to burn the fuels, including fatty acids and glucose, to meet ATP demands (1) (2) (3) (4) (5) . Exercise training is effective in improving muscle fitness by promoting favorable muscle metabolic reprograming including capacity for fuel burning, mitochondrial ATP production, and contraction (6 -13) . Conversely, many chronic diseases, including obesity, diabetes, muscular diseases, and aging, are associated with decreased muscle fitness, contributing to a vicious cycle of inactivity and further promoting the progression of chronic diseases (6 -8, 11, 12, 14) . Thus, a better understanding of the molecular regulatory pathways involved in the beneficial effects of exercise training on muscle fuel metabolism could yield novel therapeutic targets aimed at the prevention or treatment of diseases associated with muscle bioenergetics defects.
The molecular and cellular mechanisms of skeletal muscle adaptation to exercise training are unclear. Exercise traininginduced adaptations in skeletal muscle are reflected, in part, by changes in transcriptional response and metabolite flux (1, 2, 4, 5, 11, 15, 16) . Previous studies have demonstrated that the PGC-1␣ 3 transcriptional regulatory circuit, including the nuclear receptors PPAR and ERR, is a key transducer of exercise-responsive gene expression. The PGC-1␣ circuit regulates a broad array of genes involved in mitochondrial biogenesis and fuel metabolism (17) (18) (19) (20) (21) (22) (23) (24) (25) . Evidence is also emerging that manipulation of metabolic enzyme or metabolite flux in skeletal muscle can significantly affect muscle performance and resistance to fatigue (26, 27) . We are just beginning to explore the physiological relevance of metabolic enzyme activation and metabolite flux alterations in regulating muscle function.
Pyruvate and lactate are critical fuel substrates of skeletal muscle particularly during exercise (15, 16, 28) . A major source of pyruvate is generated by glycolysis; pyruvate can either serve as a substrate for the mitochondrial TCA cycle to fully catabolize glucose for maximal ATP production, or it can be used for lactate production through a less efficient ATP generation * This work was supported by Ministry of Science and Technology of China pathway. Another significant source of pyruvate is generated by oxidation of lactate, and exercise training is known to increase lactate oxidation in skeletal muscle (29, 30) . Lactate dehydrogenase (LDH) is the key enzyme that catalyzes the interconversion of pyruvate and lactate, thereby regulating cellular pyruvate and lactate homeostasis.
LDH functions as a tetrameric complex composed of two distinct isoforms, LDH-A and LDH-B (31) (32) (33) (34) , encoded by the Ldha and Ldhb genes, respectively. LDH isoenzyme complexes are classified into LDH1 (B 4 ), LDH2 (A 1 B 3 ), LDH3 (A 2 B 2 ), LDH4 (A 3 B 1 ), and LDH5 (A 4 ) based on different combination of LDH-A and LDH-B isoforms (32, 34) . The LDH-A isoform is also known as the M isoform, expressed predominantly in skeletal muscle, whereas LDH-B is also referred to H isoform, is expressed primarily in the heart muscle (35) . Previously studies have demonstrated that the LDH-A isoenzyme favors the reaction that converts pyruvate to lactate, whereas the LDH-B isoenzyme prefers the reverse reaction that produces pyruvate from lactate (31, 36) . We have recently found that Ldhb is a glucose oxidation biomarker in skeletal muscle; the expression of Ldhb is activated by PPAR␤/␦ signaling and linked to the high glucose oxidative capacity in MCK-PPAR␤/␦ muscle (18, 37) . In addition, the expression of Ldhb was also involved in PGC-1␣-mediated control of lactate homeostasis in muscle (38) . However, the functional significance of the Ldhb in skeletal muscle physiology is unclear.
In this study, we found that LDHB expression is induced by exercise in human muscle and negatively correlated with changes in intramuscular pH levels during isometric exercise. We also demonstrated that exercise-induced PGC-1␣ signaling directly drives the expression of Ldhb in skeletal muscle. We speculated that the exercise-induced Ldhb contributed to the muscle metabolic adaptations induced by exercise training. Using muscle-specific transgenic mouse lines and primary skeletal myotubes in culture, we found that chronic activation of Ldhb in skeletal muscle triggers an adaptive oxidative muscle transformation, leading to increased exercise capacity in MCK-Ldhb transgenic mice. Thus, our results identified a previously unrecognized Ldhb-driven alteration in muscle mitochondrial function and suggest a mechanism for the adaptive metabolic response induced by exercise training.
Results

Activation of LDHB Expression by Exercise Is Linked to Muscle Metabolic Parameters in Humans-We have recently
shown that LDH-B isoform (Ldhb) expression is highly correlated with skeletal muscle glucose oxidation capacity in mice (18, 37) . To further explore the physiological relevance of the LDHB in humans, muscle samples from trained, active individuals and healthy sedentary controls were analyzed. Previous studies have demonstrated that the active group has higher measures of enhanced exercise performance (including VO 2max and ATP max ) compared with the sedentary group (19, 39, 40) . The characteristics of the human subjects are presented in Table 1 . Muscle tissue from the active group exhibited higher LDHB gene expression compared with the sedentary control group (Fig. 1A) . In contrast, the levels of LDHA mRNA showed a trend toward a decrease in active muscle ( Fig. 1A) . Additionally, we also examined the expression of LDHB in a subgroup of sedentary subjects who underwent an exercise training program. The expression levels of LDHB were significantly elevated in human muscle by exercise training (Fig. 1B ). However, this induction was not observed with LDHA mRNA levels ( Fig. 1B) . PGC-1␣ is a known exercise-induced transcriptional cofactor that regulates expression of many exercise-responsive genes. As shown in Fig. 1C , there was a significant positive correlation between LDHB and PGC-1␣ mRNA levels in human muscle, suggesting a possible mechanism for exercise-induced Ldhb expression. Changes in intramuscular pH levels are a marker of lactate production, because lactate production indicates the generation of a proton that can be measured by the shift in resonance of inorganic phosphate. We also assessed the relationship between LDHB expression and changes in intramuscular pH levels during isometric exercise while measuring PCr recovery rate. As shown in Fig. 1D , a strong negative correlation was observed between the expression of LDHB and changes in intramuscular pH levels. This is consistent with the fact that Ldhb is the key enzyme responsible for lactate oxidation and reduction (31, 36) . In contrast, LDHA expression levels did not exhibit a significant correlation with either PGC-1␣ levels or changes in intramuscular pH levels ( Fig. 1 , C and D). Together, these results demonstrate that LDHB, but not LDHA, is induced by exercise and linked to muscle metabolic parameters in humans.
Ldhb Expression Is Regulated by Exercise-induced PGC-1␣-The observation that LDHB gene expression was positively correlated with PGC-1␣ levels in human muscle led us to explore the link between PGC-1␣ signaling and the expression of Ldhb. Given that Ldhb is expressed predominantly in the heart, we first conducted PGC-1 loss of function studies in mouse heart. As shown in Fig. 2A , levels of Ldhb mRNA were down-regulated in PGC-1␣-deficient (PGC-1␣ Ϫ/Ϫ /␤ ϩ/ϩ ) hearts and further reduced in PGC-1␣/␤ deficient (PGC-1␣ Ϫ/Ϫ /␤ f/f /MCK-Cre) hearts when compared with controls (PGC-1␣/␤ ϩ/ϩ ). In contrast, Ldha mRNA levels were not changed in PGC-1␣/␤deficient heart. Consistent with these results in the heart, disruption of PGC-1␣ (PGC-1␣ ⌲⌷) in skeletal muscle resulted in diminished expression of Ldhb, but not Ldha (Fig. 2B ). These data suggest that PGC-1␣ and PGC-1␤ function redundantly in vivo to regulate the expression of Ldhb gene. We also conducted PGC-1␣ gain of function in primary skeletal myotubes, in which the basal expression of Ldhb is low. Consistent with previously report (38) , there was an increase in Ldhb mRNA, but not Ldha mRNA levels, in skeletal myotubes subjected to ade- novirus-mediated overexpression of PGC-1␣ (Ad-PGC-1␣) compared with a control vector (Ad-GFP) (Fig. 2C ). The expected LDH isoenzyme activity shifts were confirmed by activity gel studies ( Fig. 2D ). We have recently shown a functional MEF2 site in the Ldhb promoter (18) . Although a PGC-1␣-responsive ERR site has also been described in the Ldhb promoter recently (38) , we next sought to determine the precise mechanism whereby PGC-1␣ induces Ldhb gene transcription. Approximately 1.8 kb of the mLdhb gene promoter region containing the MEF2 and Ϫ149 ERR-RE binding sites was cloned into a PGL3 reporter vector (mLdhb.Luc.1791). Cotransfection of mLdhb.Luc.1791 with PGC-1␣ in C2C12 myotubes resulted in robust activation of the promoter ( Fig. 2E ). To map the cisacting region conferring the PGC-1␣ activation, cotransfection experiments were conducted with reporter constructs containing two serial deletions of the mLdhb promoter ( Fig. 2F ). Both the basal and PGC-1␣ induced promoter activity decreased upon deletion of the promoter regions from Ϫ1791 to Ϫ869 bp containing the MEF2 sites, suggesting a role of the MEF2 site in the maximal induction of Ldhb promoter by PGC-1␣. The basal promoter activity continues to decrease upon deletion the regions from Ϫ869 to Ϫ122 bp containing the previously identified Ϫ149 ERR-RE. Surprisingly, PGC-1␣-mediated activation was maintained upon deletion of the Ϫ149 ERR-RE, suggesting the existence of an additional cis-regulatory element in the proximal promoter region. The analysis of the DNA sequence of Ldhb proximal promoter region identified two additional conserved putative ERR-binding sites around the previously identified Ϫ149 ERR-RE (Fig. 2G ). The two new ERR sites were excellent match for an ERR-binding site ( Fig. 2G ). To evaluate the functionality of the newly identified ERR binding sites for PGC-1␣ coactivation, promoter mutational studies were next performed. Mutation of the two putative ERR response element significantly attenuated the activation of mLdhb.Luc.869 by PGC-1␣ ( Fig. 2H ). Together, these results demonstrate that multiple cis-regulatory elements, including the distal MEF2 and proximal ERR binding sites in the Ldhb promoter, contribute to the full activation of the Ldhb gene by PGC-1␣.
Activation of Ldhb Leads to Reciprocal Reduction in Ldha Level in Skeletal
Muscle-We next determined whether forced activation of Ldhb in skeletal muscle is able to affect muscle function. As an initial step, we examined the expression patterns of Ldhb in different muscle types from adult wild type mice. Consistent with the PGC-1␣ regulatory circuit controlling Ldhb expression, Ldhb was expressed much higher in slow fiber-dominant soleus muscle compared with fast fiber-enriched white vastus (WV) and gastrocnemius (GC) muscle (Fig.  3A) . The muscle creatine kinase promoter was next used to generate skeletal muscle-specific Ldhb transgenic mice (MCK-Ldhb mice). Two independent lines of MCK-Ldhb mice with low (LE) and high (HE) levels of Ldhb overexpression were gen-erated and characterized (Fig. 3, B and C) . The MCK-Ldhb transgene transcript was expressed in a skeletal muscle-specific manner, and we observed no change in Ldhb expression in the heart (data not shown). Interestingly, real time quantitative PCR demonstrated that activation of Ldhb in skeletal muscle leads to a reciprocal suppression of the Ldha mRNA level (Fig.  3C ). LDH isoenzyme assay using lactate as a substrate displayed a pronounced shift toward an Ldhb-containing isoenzyme complex in MCK-Ldhb (LE and HE) muscle ( Fig. 3D) . Notably, the reciprocal regulation of Ldhb and Ldha was much greater in MCK-Ldhb (HE) compared with MCK-Ldhb (LE) ( Fig. 3D ), suggesting a mechanism whereby Ldhb autoregulates the composition of the LDH isoenzyme complex. We subsequently focused on the MCK-Ldhb (LE) line, because of relative physiological overexpressing of Ldhb. A series of studies were next conducted to determine the effect of Ldhb overexpression on muscle LDH enzymatic activity. Whereas the total LDH activity showed an increase trend in MCK-Ldhb (LE) muscle, the enzymatic activity of LDH-mediated pyruvate to lactate conversion was significantly reduced in skeletal muscle of MCK-Ldhb (LE) compared with NTG controls (Fig. 3, E and F) . These results are consistent with Ldhb catalyzing the production of lactate from pyruvate slower and less efficiently relative to Ldha, thus diverting pyruvate into mitochondria for complete oxidation (32) .
MCK-Ldhb Mice Exhibit Increased Exercise Performance and Enhanced Oxygen Consumption during Exercise-MCK-Ldhb
(LE) mice appeared normal on inspection and did not exhibit an overt metabolic phenotype compared with NTG littermates on standard chow. This includes similar body weight, food intake, energy expenditure, and fasting glucose levels (data not shown). To assess the physiological effects of chronic increased Ldhb expression in skeletal muscle, exercise stress testing was conducted in MCK-Ldhb mice. The real time respiratory exchange ratio (RER) was measured during a run to exhaustion exercise protocol. Consistent with a switch to carbohydrates as the chief fuel during exercise, the RER increased with exercise in both MCK-Ldhb and in the NTG control group (Fig. 4A ). Despite no change in RER levels during exercise, the MCK-Ldhb (LE) mice exercised significantly longer distance compared with the control group (Fig. 4, A and B) . In addition, the MCK-Ldhb (LE) mice consumed more oxygen during the exercise period (as reflected by an increase in peak VO 2 ) (Fig. 4, C and D) . It has been shown that whole body oxygen utilization during exercise (peak ⌬VO 2 ) largely reflects changes occurring within the exercising muscle (41) . Peak ⌬VO 2 was significantly higher in the MCK-Ldhb (LE) mice compared with NTG controls (Fig. 4D) . These results demonstrate that chronic increased Ldhb expression in skeletal muscle is able to affect muscle performance. Notably, MCK-Ldhb (LE) female mice were able to exercise at a higher speed before exhaustion. B, the scatter plots represent the mean running distance (Ϯ S.E.) in A. C, VO 2 (oxygen consumption) during an exercise bout in female MCK-Ldhb (LE) and NTG mice (n ϭ 12-13 mice/group). The gray-hatched area in the VO 2 line graphs illustrate the difference in speed to exhaustion in MCK-Ldhb (LE) mice compared with NTG controls. D, peak VO 2 (VO 2 at the time of failure) and peak ⌬VO 2 (increase in oxygen consumption) are graphed. The values represent means Ϯ S.E. (n ϭ 12-13 mice/group). *, p Ͻ 0.05 versus NTG.
MCK-Ldhb Muscle Is Reprogrammed for Increased Capacity
for Mitochondrial Oxidation-The increase in exercise capacity and oxygen consumption in MCK-Ldhb mice led us to investigate the potential impact of activating Ldhb on muscle oxidative mitochondrial activity. We first performed histochemical staining for succinate dehydrogenase (SDH), a hallmark for oxidative metabolism in skeletal muscle (42) . Interestingly, the SDH enzymatic activity was higher in the GC muscle of MCK-Ldhb mice compared with their NTG littermate controls ( Fig.   5A ), suggesting that chronic activation of Ldhb triggers an adaptive muscle oxidative reprograming. Interestingly, however, no change in MHC1 immunofluorescence was observed in the GC muscle of MCK-Ldhb mice compared with their NTG controls (Fig. 5A ). To further evaluate the effect of Ldhb in regulating mitochondrial oxidative capacity, we conducted comparative analysis of RNA isolated from GC muscle of the MCK-Ldhb mice and NTG littermate controls. Real time PCR revealed that the expression of mitochondrial oxidation genes (Cox4i1, Cox5a, Atp5b, Cycs, and Mb) was induced in the GC muscle of MCK-Ldhb mice compared with NTG controls (Fig.  5B) . Moreover, we also found an increased expression of biomarker genes associated with fatty acid metabolism (Cd36, Lpl, and Scd1) in MCK-Ldhb muscle (Fig. 5B) . Consistent with the fiber typing results, there was no difference in the expression of Myh7, which encodes the myosin heavy chain for type I fibers in MCK-Ldhb muscle (Fig. 5B ), although the expression of the oxidative type IIx myosin gene Myh1 was increased in MCK-Ldhb muscle (Fig. 5B ). The oxidative transformations in MCK-Ldhb muscle were also validated at the protein level, because the expression of the oxidative biomarkers myoglobin and cytochrome c was induced in MCK-Ldhb WV muscles compared with NTG controls (Fig. 5C ). The mitochondrial DNA levels were increased in MCK-Ldhb GC muscle compared with NTG controls (Fig. 5D ). In addition, Western blotting revealed significant increases in several components of the electron transport chain (e.g. Atp5a1 and Cox4) in MCK-Ldhb WV muscle (Fig. 5E ). Together, these results demonstrate that chronic activation of Ldhb reprograms muscle for increased mitochondrial oxidative capacity.
Increased Mitochondrial Function in MCK-Ldhb Skeletal Muscle-Mitochondrial respiration rates were determined in the extensor digital longus muscle of the MCK-Ldhb (LE) mice and corresponding NTG controls. Consistent with the oxidative transformations in MCK-Ldhb muscle, pyruvate-driven state 3 respiration rates were significantly higher in MCK-Ldhb muscle compared with the NTG controls ( Fig. 6A ). To directly determine the effects of activating Ldhb on muscle mitochondrial function, oxygen consumption rates (OCRs) were also measured in primary myotubes isolated from MCK-Ldhb skeletal muscle. As shown in Fig. 6B , activation of Ldhb significantly stimulated the OCR in the presence of the uncoupler FCCP, a sign of enhanced mitochondrial function. We also determined the extracellular acidification rate (ECAR) (a measure of glycolysis) along with OCRs in these cells. Ldhb overexpression significantly induced OCR/ECAR ratio, indicative of a shift toward more oxidative phosphorylation for cellular energy production ( Fig. 6C) . Consistent with the aerobic metabolism in MCK-Ldhb myotubes, the rate of lactate production decreased in myotubes isolated from MCK-Ldhb muscle compared with NTG controls (Fig. 6D) . These results demonstrate that chronic activation of Ldhb in muscle cells promotes a shift toward a more oxidative phenotype, which is consistent with the phenotypic changes observed in MCK-Ldhb mice.
Discussion
Mitochondrial oxidative metabolism and energy production are critical for muscle performance. Exercise is known to be the best medicine for many chronic illnesses including obesity, diabetes, muscular diseases, and aging, by promoting favorable metabolic and structural adaptations to improve muscle fitness 6 -13) . Delineation of the molecular regulatory pathways involved in the beneficial effects of exercise training on muscle fuel metabolism has implications for new therapeutic approaches for many human diseases associated with muscle bioenergetics defects. Herein, we discover a novel mechanism for exerciseinduced metabolic changes in skeletal muscle. Our results support the following conclusions: 1) LDHB expression is induced by exercise in human muscle and negatively correlated with changes in intramuscular pH levels during muscle contraction; 2) exercise-induced PGC-1␣ signaling directly regulates the transcription of the Ldhb gene by coactivating multiple cis-regulatory elements in the Ldhb promoter; and 3) chronic activation of Ldhb triggers a secondary mitochondrial oxidative metabolism program in skeletal muscle. We therefore identify a previously unrecognized Ldhb-driven alteration in muscle mitochondrial function and suggest a mechanism for the adaptive metabolic response induced by exercise training.
Previous studies have established that the PGC-1␣ transcriptional regulatory circuit, including nuclear receptors PPAR and ERR, is a key transducer of skeletal muscle adaptation to exercise by directly regulates the expression of genes involved in mitochondrial fuel metabolism (17) (18) (19) (20) (21) (22) (23) (24) (25) . We have recently shown that Ldhb is a downstream target of PPAR␤/␦ signaling (18, 37) . In addition, the PGC-1␣-ERR axis has also been implicated in the regulation of Ldhb expression (38) . In the present study, our data suggest that Ldhb is a regulator of mitochondrial function that acts downstream of the PGC-1␣/nuclear receptor regulatory circuit. Exercise training induces the expression of both PGC-1␣ and Ldhb in muscle. It is likely that the Ldhbdriven alteration of skeletal muscle mitochondrial function contributes the broad effect of exercise PGC-1␣ signaling on muscle metabolic adaptations.
The observed role of Ldhb in regulating muscle mitochondrial function was surprising, given that Ldhb is a glycolytic enzyme responsible for lactate oxidation and reduction (31, 36) . Several lines of evidence presented here support the conclusion that chronic activation of Ldhb triggers a secondary beneficial muscle metabolic reprograming, in addition to regulating pyruvate/lactate homeostasis. First, MCK-Ldhb mice are able to run longer during exercise. Second, diverse aspects of aerobic metabolism, including the capacity for oxygen consumption during exercise, muscle SDH activity, and mitochondrial respiration, are increased in MCK-Ldhb muscle compared with NTG controls. Third, a broad array of mitochondrial metabolism genes and oxidative biomarkers are induced in MCK-Ldhb muscle compared with NTG controls.
Whereas our results provide significant evidence that increased Ldhb activity affects muscle mitochondrial function, the molecular basis of this finding was not fully delineated in this study. Interestingly, we do not see significant changes in oxidative biomarkers in younger MCK-Ldhb muscle (6 weeks old) compared with NTG controls. This could relate to the age difference. Alternatively, the secondary mitochondrial gene programs triggered by chronic activation of Ldhb are not manifest as early in 6-week-old muscle because other postnatal programs are dominant during the first several weeks after birth (42) . Ldhb has recently been shown to locate outside of the mitochondrial matrix (43), and lactate oxidation was shown to regulate mitochondrial oxidative gene expression in muscle cells (44) . It is possible that an alteration in pyruvate/lactate oxidation in MCK-Ldhb muscle triggers the mitochondrial oxidative gene expression. It is also intriguing to speculate that Ldhb can serve as a unique glycolytic enzyme that could directly affect muscle metabolic gene expression. Consistent with this later notion, the glycolytic enzyme complex SASEME has recently been shown to sense glucose metabolism and directly regulate chromatin modifications (45) . Whether such mechanisms are relevant to our study remains to be determined; future studies aimed at assessing the mechanism whereby muscle metabolic reprograming is altered in MCK-Ldhb muscle will likely require metabolic profiling and genome-wide chromatin survey.
We found that the LDH isoenzyme complex was dynamically regulated in human and mouse skeletal muscle. The induced LDHB expression during exercise is consistent with previous reports that exercise training increases lactate oxidation in human muscle (29, 30, 46, 47) . Our data suggest there were both PGC-1␣-dependent and independent mechanisms that regulate the LDH isoenzyme composition. First, our study reveals an intriguing autoregulatory loop whereby Ldhb directly controls LDH isoenzyme complex, given that activation of Ldhb leads to reciprocal reduction in Ldha level in skeletal muscle. Second, our data also demonstrated that Ldhb expression is regulated by exercise-induced PGC-1␣, providing a mechanism for exercise-induced Ldhb expression. Although a PGC-1␣-responsive ERR binding site (Ϫ149 ERR-RE) has been previously described (38) , the functionality of the Ldhb gene promoter has not been fully characterized. Using a robust Ldhb promoter reporter assay in C2C12 myotubes, we were able to identify two additional functional ERR-REs in the Ldhb promoter. In addition, consistent with our previous report (18) , our data also support the involvement of the distal MEF2 site for both the basal and full activation of the Ldhb promoter by PGC-1␣. The involvement of the MEF2 site is also corroborated by the fact that slow oxidative muscle fibers with higher MEF2 activity are enriched in Ldhb, whereas the fast glycolytic muscle fibers have the opposite effect.
In summary, we have identified exercise-induced Ldhb as a novel regulator of mitochondrial oxidative metabolism in skeletal muscle. Future studies aimed at the mechanisms involved in triggering the adaptive responses could yield new therapeutic targets aimed at the prevention or treatment of diseases associated with muscle bioenergetics defects.
Experimental Procedures
Animal Studies-All animal studies were conducted in strict accordance with the institutional guidelines for the humane treatment of animals and were approved by the institutional animal care and use committees at the Model Animal Research Center of Nanjing University.
Generation of MCK-Ldhb Mice-To generate mice with muscle-specific Ldhb overexpression, a cDNA encoding the mouse Ldhb gene was cloned into the EcoRV site downstream of the mouse MCK gene promoter (kind gift of E. N. Olson, University of Texas Southwestern). The transgene was linearized with XhoI and SacII digestion and microinjected into C57BL/6J embryos by the transgenic mouse facility at the Model Animal Research Center of Nanjing University. Transgenic mice were identified by PCR amplification of a 722-bp product using primers specific for Ldhb (5Ј-CAGACAATGA-CAGTGAGAACTGGAAGGAGG) and the human growth hormone poly(A) component of the MCK construct (5Ј-ATT-GCAGTGAGCCAAGATTGTGCCACTGCA). Two independent lines were generated, exhibiting low and high levels of transgenic expression (LE and HE). Unless specifically indicated, the results described here were generated using the low expressing MCK-Ldhb line (LE), compared with corresponding NTG controls. Of note, the majority of the phenotypic characterization of these mice was performed in female MCK-Ldhb mice. In addition, several readouts, including oxidative biomarkers, were similarly induced in male MCK-Ldhb mice. The PGC-1␣/␤f/f/MCK-Cre mice have been described previously (48) .
Human Studies-After signing the informed written consent approved by the Pennington Biomedical Research Center ethical review board, patients were enrolled in clinical trial performed at the Pennington Biomedical Research Center (Baton Rouge, LA). Volunteers qualified for the study (ACTIV; Clinicaltrials.gov ID NCT00401791) if they ranged in age from 20 to 40, had a body-mass index of 20 -30 kg/m 2 , were non-diabetic, were taking no medications, and were otherwise healthy. After baseline testing, 13 nonobese sedentary subjects participated in an exercise training protocol consisting of alternating day sessions of a progressive 30 -60-min interval protocol (75-85% maximum aerobic capacity (VO 2 max )) and a 50-min aerobic protocol (70% VO 2 max ), both performed on a stationary bicycle. Subjects exercised on 13 days of a 3-week period. Details on subject characteristics and procedures have been described previously (19, 39, 40) . Briefly, after an overnight fast and local anesthesia, skeletal muscle was collected from the vastus lateralis muscle, cleaned, and mounted for fiber typing or flash frozen in liquid nitrogen for RNA isolation.
Mouse Studies-Mice were acclimated (run for 9 min at 10 m/min followed by 1 min at 20 m/min) to the treadmill for 2 consecutive days prior to the experimental protocol. RERs during exercise were determined as described previously (18) . Briefly, mice were placed in an enclosed treadmill attached to the Comprehensive Laboratory Animal Monitoring System (Columbus Instruments) for 15 min at a 0°incline and 0 m/min. The mice were then challenged with 2-min intervals of increasing speed at a 0°incline. The increasing speeds used in the protocol were 10, 14, 18, 22, 26, 28, 30, 32, 34, 36, 38 , and 40 m/min. The protocol was performed until exhaustion; running distance was derived by calculating the treadmill speed and running time. The measurements were collected before the exercise challenge and throughout the challenge, and peak VO 2 was measured at the time of failure.
Mitochondrial Respiration Studies-Mitochondrial respiration rates were measured in saponin-permeabilized extensor digital longus muscle fibers with pyruvate/malate as substrate as described previously (37) . In brief, the muscle fibers were separated and transferred to BIOPS buffer. The muscle fibers bundles were then permeabilized with 50 g/ml saponin in BIOPS solution. Measurement of oxygen consumption in per-meabilized muscle fibers was performed in buffer Z at 37°C and in the respiration chambers of an Oxygraph 2K (Oroboros Inc., Innsbruck, Austria). Following measurement of basal, pyruvate (10 mM)/malate (5 mM) respiration, maximal (ADP-stimulated) respiration was determined by exposing the mitochondria to 4 mM ADP. Uncoupled respiration was evaluated following addition of oligomycin (1 g/ml). Respiration rates were determined and normalized to fiber bundle wet weight using Datlab 5 software (Oroboros Inc.), and the data are expressed as pmol O 2 s Ϫ1 mg wet weight Ϫ1 .
Histologic Analyses-Muscle tissue was frozen in isopentane that had been cooled in liquid nitrogen. SDH and immunofluorescence staining was performed as previously described (24) .
RNA Analyses-Quantitative RT-PCR was performed as described previously, with modifications (18, 19) . Briefly, total RNA was extracted from mouse muscle or primary myotubes using RNAiso Plus (Takara Bio). The purified RNA samples were then reverse transcribed using the PrimeScript RT reagent kit with gDNA Eraser (Takara Bio). Real time quantitative RT-PCR was performed using the ABI Prism Step-One system with SYBR Premix Ex Taq TM (Takara Bio). Specific oligonucleotide primers for target gene sequences are listed below. Arbitrary units of target mRNA were corrected to the expression of 36b4. For mouse gene, the following primers were used: 36b4, 5Ј-ATCCCTGACGCACCGCCGTGA, 5Ј-TGCATCTGCTTGG-TTCACAC; and PPARGC1A, 5Ј-TGAGAGGGCCAAGCAAAG, 5Ј-ATAAATCACACGGCGCTCTT.
Mitochondrial DNA Analyses-Genomic/mitochondrial DNA was measured as described previously (37) . Mitochondrial DNA content was determined by SYBR Green analysis (Takara Bio). The levels of NADH dehydrogenase subunit 1 (mitochondrial DNA) were normalized to the levels of lipoprotein lipase (genomic DNA).
Antibodies and Immunoblotting Studies-Antibodies directed against MHC1 (BA-D5) and MHC2b (BF-F3) were purchased from the Developmental Studies Hybridoma Bank; antibodies directed against cytochrome c (bs1089) and ␣-tubulin (bs1699) antibody were from Bioworld; anti-myoglobin (sc-25607) was from Santa Cruz; anti-FLAG M2 (F1804) was from Sigma; anti-Atpb (ab14730) was from Abcam; anti-Atp5a1 (14676 -1-AP), anti-Cox4 (11242-1-AP), and anti-Sdha (14865-1-AP) were from Proteintech. Western blotting studies were performed as previously described (18, 19) .
LDH Isoenzyme Analysis and Activity Assay-LDH isoenzyme patterns were determined as previously described (18) . Five major LDH isoenzymes are found, because Ldhb polypeptide has more acidic amino acid residues than the Ldha polypeptide; thus the electrophoretic mobilities of the LDH isoenzymes migrate toward the positive electrode end as follows: LDH 1 Ͼ LDH 2 Ͼ LDH 3 Ͼ LDH 4 Ͼ LDH 5. Briefly, primary skeletal myotubes or mouse skeletal muscle were homogenized in a solution of 0.9% NaCl, 5 mM Tris-HCl, pH 7.4, and the lysates were centrifuged for 30 min at 15,000 ϫ g to remove the cellular debris. 100 g of protein/lane was loaded onto a 6% nondenaturing polyacrylamide gel. Following electrophoresis, the gel was placed in 10 ml of staining solution containing 0.1 M sodium lactate, 1.5 mM NAD, 0.1 M Tris-HCl (pH 8.6), 10 mM NaCl, 5 mM MgCl 2 , 0.03 mg/ml phenazinmethosulphate, and 0.25 mg/ml nitro blue tetrazolium. Protein extracted from mouse heart served as a positive control. Total LDH activity and specific LDH activities (pyruvate to lactate conversions) were determined using the LDH assay kit (Nanjing Jiancheng Bioengineering Institute, A020-2) and (Beijing Leagene Biotechnology, TE0155) according to the manufacturer's protocol, respectively. Changes in absorbance were determined with a VersaMax ELISA microplate reader (Molecular Devices) at 450 nm for total LDH activity and 340 nm for LDH-mediated pyruvate to lactate conversion assay.
Lactate Concentration Measurement-Cell culture medium was collected. Lactate concentration was then determined with a VersaMax ELISA Microplate Reader (Molecular Devices) using the lactic acid assay kit (Nanjing Jiancheng Bioengineering Institute) according to the manufacturer's protocol.
Cell Culture-Primary muscle cells were isolated from skeletal muscles as previously described (18, 19) . For differentiation, the cells were washed with PBS, refed with 2% horse serum/DMEM differentiation medium, and refed daily. The cells were then differentiated for 3 days prior to harvest. Primary myoblasts were infected with an adenovirus overexpressing GFP or PGC-1␣ as previously described (18, 19) . 12 h postinfection, the cells were induced to differentiation for 3 days.
Oxygen Consumption Measurements-Cellular OCRs were measured using the XF24 analyzer (Seahorse Bioscience Inc.) per the manufacturer's protocol. The basal OCR was first measured in XF assay medium without sodium pyruvate, followed by administration of 10 mM sodium pyruvate. Uncoupled respiration was evaluated following the addition of oligomycin (2 M) to inhibit ATP synthase by addition of the uncoupler FCCP (2 M) and then followed by the addition of rotenone/antimycin (1 M). Immediately after measurement, total protein levels were measured with the Micro BCA protein assay kit (Thermo Scientific) for data correction.
Cell Transfection and Luciferase Reporter Assays-pcDNA3.1 and pcDNA3.1-PGC-1␣ vectors have been described previously (19) . The mouse Ldhb gene promoter deletion series was generated by PCR amplification from C57BL/6J genomic DNA followed by cloning into the pGL3 Basic luciferase reporter plasmid using BglII and MluI sites. The following 5Ј primers were used: 5Ј-CTG-GCTGACCTAGATCTCCGTTTC (mLdhb.Luc.1791), 5Ј-TGG-ATGAGACAAAGATCTAAGAATGTGG (mLdhb.Luc.869), and 5Ј-GAGAGATCTTGCACACTCCAGCCTTG (mLdhb. Luc.122). The same 3Ј primer was used with all constructs: 5Ј-ACAACACACGCGTTGATGTTCAG. Site-directed mutagenesis was performed using complementary oligonucleotides as follows (with mutated nucleotides shown in lowercase): 5Ј-GTGCCTCA-GCGGAgatctACCTCTAACTTTAG (ERRmut#1) and 5Ј-AAA-GTTAGAGGTagatcTCCGCTGAGGCA (ERRmut#2). C2C12 cells were obtained from the American Type Culture Collection and were cultured at 37°C and 5% CO 2 in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum, 1,000 units/ml penicillin, and 100 g/ml streptomycin. Transient transfections in C2C12 cells were performed using Attractene transfection reagent (Qiagen) as per the manufacturer's protocol. Briefly, 350 ng of reporter was cotransfected with 100 ng of nuclear receptor expression vectors and 25 ng of CMV promoter-driven Renilla luciferase to control for transfection efficiency. The cells were harvested 48 h after transfection. The luciferase assay was performed using Dual-Glo (Promega) according to the manufacturer's recommendations. All transfection data are presented as the means Ϯ S.E. for at least three separate transfection experiments.
Statistical Analyses-All mouse and cell studies were analyzed by Student's t test or one-way analysis of variance coupled to a Fisher's least significant difference post hoc test when more than two groups were compared. The data represent the means Ϯ S.E., with a statistically significant difference defined as a value of p Ͻ 0.05. Statistical analyses in human studies were performed using JMP 9.0.0 (SAS Institute Inc.), and values are presented as means Ϯ S.E. Gene expression levels in human studies were analyzed using the Spearman correlation or Pearson correlation test. Significant differences were defined as p Ͻ 0.05.
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